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LHC and Tevatron

* Tevatron = Top discovery machine
— 1.96 TeV proton-antiproton machine

— In some of the results presented Tevatron still holds the
first place

* LHC = Top factory
— 7, 8 and beyond (design energy 14) TeV

— In 7 and 8 TeV operation delivered ~2 orders of
magnitude more top quarks than at the Tevatron

* Sensitive to some of the top couplings already, and need
more energy / data to get more

__* Reference document for the presentation
B — http://www.snowmass2013.org/tiki-download file.php?fileld=40




ttbar + Photon ;

* Sensitive to top charge and to top-photon

couplings
— Need to identify photons coming from top Tevatron Run I, pp \s=1.96 TeV
* Suppress photons from W, leptons, jets (gg fusion ’{{106% e iminary
ttbar production dominates @LHC => less ISR QED) :“’s?g o e
o 104§ B
* Control sample / Background to ttbar + Higgs, g«
Higgs tO diphoton 2102%_ .......... .iv;w_ ..................................
Q 10g & "z ?(i)NQleZZ Higgs
e For now can On|y measure the cross section g vy @1::%059\,
— CDF: first evidence of ttbar + photon production 8"

(using 6 fb! of data) "W WG i We 1T 2 Hg,,
* Dominated by stat. uncertainty

— ATLAS: preliminary measurement with 1 fb (but
still below 3 sigma significance)

* Dominated by systematics: photon ID, ISR/FSR, jet
vy
energy scale 2




ttbar + Photon: Results

O M T @] 15F T T T (b))

& 1o:r « Data(e+) :
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tty H, (GeV)
ATLAS, ATLAS-CONF-2011-153
oty = 2.0£0.5 (stat.) £0.7 (syst.) =0.08 (lumsi.) pb
2 1) 4 pb (Theory)
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ttbar + Photon: Outlook
N M}\
e With current 2011 / 2012 data

— Should be able to measure ttbar + photon cross section with
5+ sigma significance (separately in 7 TeV and in 8 TeV data)

— Can play around with AR (photon, X) cuts to isolate photons
coming from top, Phys.Rev. D71 (2005) 054013

 7->14TeV: LO cross section increases by a factor of 5
(MadGraph, photon p; > 20 GeV)

— 300 fb1: few thousands events expected => can go for
couplings measurement, Phys.Rev. D71 (2005) 054013

* In both lepton + jets and dilepton channels

— 3000 fb!: differential measurements (couplings as a function
of photon p; etc)




ttbar +V

CMS-PAS-TOP-12-014

. . .' - CMS Preliminary L=498fb'at \Us=7TeV
e ttbar + Z production is directly sensitive e
to ttZ couplings
* For now can only measure the cross
section
— CMS: first evidence of ttbar + Z production | .o R
as well as ttbar + V cross section i poehel g e
(scaled from 6,,,)
measurement B Dilepton Channel
* Dominated by stat. uncertainty (direct measurement)
— ATLAS: generic ttbar + Z selection, hence not . il
L o ] —— NLO Calculation
SenSItlve. Set a Ilmlt for the prOdUCtlon xsec 1 11 I | | I | | I | 5 I | | 11 | 111 | 111 | 1 11 | [ T I | I |
<0.71 pb 0 0204 0608 1 12 14 16 1.8
ATLAS-CONF-2012-126 tt+V Cross Section [pb]
JEEBVUVUE S o5z = 0.3070:11(stat)t ; 0.02(syst) pb
r £ B +0.15 N
e ,Ums<— £ \/\/V‘\{ur UttV O _)J. O 13( gt(lt) 0 04( S'ybt) I)]_) ' '
N ’,'?' April 4, 2013 Snowmass Energy Frontier Workshop (BNL) 6 @




ttbar + V

.3239 (submitted to the PRL)

e ttbar + Z production is directly sensitive

. CMS L= 50fb"at(s=7TeV
to ttZ couplings Sl
* For now can only measure the cross g [ tVidleponanalysk) 2 (tfepton anlysic
o i 0.43 745 (stat.) " - (syst)pb  0.28 75y (stat)” - (syst.) pb
section 2061
o L
— CMS: first evidence of ttbar + Z production © |
as well as ttbar + V cross section sl o
measurement - .
* Dominated by stat. uncertainty 8 ' 7
0.2
— ATLAS: generic ttbar + Z selection, hence not — —
sensitive. Set a limit for the production xsec s
<0.71 pb 0
ATLAS-CONF-2012-126 014 0.06
- s . f e = +0. +0.
t g o 40.17 +0.09
U AR, oqy = 0.437 5 (stat.) T (syst.) pb
\“ April 4, 2013 t Snowmass Energy Frontier Workshop (BNL) 7 ?{ag




ttbar + Z: Outlook

 With current 2011 / 2012 data

— 7 -> 8 TeV: ttZ LO cross section increases by a factor of 1.4
(MadGraph; see also talk of N.Kidonakis this morning)

» Stat. uncertainty will decrease by a factor of 2.5
 Still limited by statistics
* ttW has a similar increase in the xsec
e 7->14TeV: LO cross section increases by a factor of 10

(MadGraph)

— 300 fb!: ttZ axial (vector) couplings can be determined with an
uncertainty 45-85% (15-20%), Phys.Rev. D71 (2005) 054013

— 3000 fb!: a factor of 3 better

74




Summary / Outlook

* LHC keeps providing top quarks in unprecedented
guantities

* Precision measurements, detailed studies,
improving of understanding of the heaviest known
particle and its properties

 We will learn a lot in the years to come...

— ...if we better plan it, we will learn even more ;)






Top Quark Weak Interaction Measurements

u (d) d ()

t-channel E gvé >\N\M< s-channel

Y Wt production

w+ - -
t & ,.+; 32 & B D 2 +0. m‘ = VCKM = Vcd Vcs Vcb
{ 6-1 57 —2 62 pb 15. 14 1 36 pb —1 63 —0.27 b V V v
p 8 87.8+34 pb  224+1.5 pb 5.6+0.3 pb td ts tb

* The top-quark can be produced singly by an electroweak Wtb-vertex
* Motivation

 Complementary information on top-quark properties

* Direct measurement of the CKM matrix element V,,

* Sensitive to many models of new physics

* Information on the b-quark PDF

e vy
SN April 4,2013 Snowmass Energy Frontier Workshop (BNL) 11 @




u (d) d ()

Single top: t-channel

* Method W

— ATLAS: binned maximum likelihood fit to the NN output distribution

— CMS: eta distribution of the recoil jet
* Measurement

— ATLAS: 95 * 18 pb, V,, = 1.04 +0.10/-0.11

— CMS: 80.1 + 5.7(stat) + 11.0(syst) * 4.0(lumi) pb, V,, > 0.81 @ 95% CL
* Dominant Systematics

— ATLAS: Jet Energy Scale (JES), b-tagging, and ISR/FSR

— CMS: statistical, JES, t-chan generator

CMS Preliminary, 5.0 fb ', ys = 8 TeV

. T T
6000} ATLAS Preliminary [Ldt=5.81b" /s=8 TeV-

o]
Q ; 1200 —
S 2/]ets = i gacﬁ]annel “|-®-data
% = gxm%scaﬂnar\]/%lur A 1000 CMS'PAS'TO P'12'01 1 ;.lff\a"ﬂe‘
light jet - N
0>) E Z+Te|tgs, d]i%gson - _.Du, tW-, s-channels
L I QCD multijet , .W’Z‘yo(s —

QCD + MC stat unc. | 800
] aco

600 _:

400 -

= 0.2 T ]

'; -0_8E .............. RPN S S I S S LI S—. o 200 3

0 0.2 0.4 0.6 0.8 1 .

NN output J
%y ATLAS-CONF-2012-132 p O 05 1 15 2 25 3 35 4 45 s Py
#  April 4, 2013 Snowmass Energy Frontier Workshop (BNL) | 12 @
[ |
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Single top: Wt-channel
* Negligible @ Tevatron, 2nd highest single top xsec @ LHC

* Evidence for Wt @ 7 TeV (both used Template fit to a BDT

output) J
— ATLAS: 3.3 sigma, 16.8 + 2.9(stat) * 4.9(syst) pb
— CMS: 4.0 sigma, 16.4 +5/-4 pb
* Dominant Systematics

— ATLAS: Jet Energy Scale (JES), statistics, and ISR/FSR

— CMS: JES, statistics, factorization/renormalization scale i _
Phys. Lett. B. 716, 142 (2012) op US e TIELAET ow

100F e o goo? - ets |

- f Ldt=2.05f" ‘J’-\[’Ets uncertamty; S gygzzs:atic:

Vs=7TeV D Z(ee/up)+ets

Events / 0.03
0]
o

Phys. Rev. Lett. 110(2013)

- i : 3D Z(vr)+ets
. Dilepton 1 jet [ Fake dileptons

1 08 06 04 -02 0 02 04
BDT output O 101080 0891007 07007 07009 0991010 - '
Snowmass Energy Frontier Workshop (BNL) BDT discriminant 13 @
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Single top: s-channel
* Negligible @ LHC, 2nd highest single top xsec @ Tevatron

e Measurements from CDF and Dzero

— Measure xsec for t-channel and s-channel together, then B er e
the components

— CDF: 1.81 +0.63/0.58 pb, CDF Note 10793
http://www-cdf.fnal.gov/physics/new/top/confNotes/cdf10793 SingleTop 7.5 public.pdf

— DZERO: 0.68 +0.38/-0.35 pb, Phys.Rev. D84 (2011) 112001
* Dominant Systematics

— CDF: background normalization

— DZero: JES, JER, corrections to b-tagging efficiencies, and the correction
for jet-flavor composition in W+jets events

l



ttbar + Higgs

e ttbar + Higgs => square of top Yukawa coupling -
— One of the key points of Higgs physics program

e Tevatron (CDF)

— Searches in lepton + jets and all-hadronic channel. Multivariate techniques< "
— Lepton+jets: Observed (expected) limit = 20.5 (12.6) x SM
Phys.Rev.Lett. 109 (2012) 181802

— 0-lepton: Observed (expected) limit = 36.2 (26.2) x SM
CDF note 10582

http://www-cdf.fnal.gov/physics/new/hdg/Results files/results/tthNoLepton 110708/
e LHC

— CMS: analyzed both dilepton and lepton + jets channels:
observed (expected) limit 4.6 (3.8) x SM, CMS-PAS-HIG-12-025
— ATLAS: analyzed lepton + jets channel:

observed (expected) limit = 13.1 (10.5) x SM, ATLAS-CONF-2012-135 -@g
[ |




ttbar + Higgs: Outlook

* Will profit from increased energy, statistics, as well
as better understanding of backgrounds: ttbar +
bbbar, ttbar + (di)photon

H— 2Z <

i, H— WW g
E I ?ﬁ_, S gHxx = Iixx (14 Ax) I H — bb
M H— 77~
qQq’ — VH F o

g 300~ ATLAS Preliminary (Simulation) E

. - is =14 TeV
¢ ATI—AS L 250Emmy, det:3§00 fb™

o = e,

Higgs partial widths ratio ('t/rg) D po0f

measurement precision to better
than 55% (25%) with 300 (3000) fb-1, '
ATL-PHYS-PUB-2012-004 ?

ﬁ
— ttbar+Higgs, Higgs -> diphoton/dimuon 300 i e £=0 =0 =0
diphoton mass [GeV]

— ttbar selection is looser than for the mainstream ttbar P
\\*;‘Tf April 4, 2013 Snowmass Energy Frontier Workshop (BNL) 16 @
, [ |




Jet Multiplicity in Top Pair Events

* Motivation

— Constrain ISR/FSR models at the scale of the top quark mass
— Test perturbative QCD in the LHC energy regime
e Lepton + Jets channel (ATLAS), Dilepton channel (CMS)
— Jet multiplicities as a function of jet p; thresholds:
 ATLAS: 25, 40, 60 and 80 GeV, ATLAS-CONF-2012-155
« CMS: 30 and 60 GeV, CMS-PAS-TOP-12-023

— Subtract backgrounds and unfold to particle level
* Account for detector efficiencies, resolution effects and biases

— Dominated by systematics in all regions

— Compare to various Monte Carlo simulation models
* ALPGEN+HERWIG
* ALPGEN+PYTHIA (a,-down and a.-up variations)
* MC@NLO+HERWIG
* POWHEG+PYTHIA
 MadGraph + PYTHIA



Jet Multiplicity in Top Pair Events: Unfolded
ATLAS-CONF-2012-155 CMS Preliminary, 5.0 fb' at\'s=7 TeV
ATLAS Disfavored: 8

* MC@NLO + Herwig 1
* ALGPEN+Pythia with a-up variation

" Dilepton Combined

dJets

T lTlll”l T Il[l”l T
1

10"

_______ v E
n FT T T T T T ™ N FT T T T T I E
e C ATLAS Preliminary 1= = ATLAS Preliminary N ! [] i
0] L —e— Data b oG —e— Data 1 R -
Lﬁ 10%E o ALPGEN+PYTHIA E 104 = R— ALPGEN+HERWIG E 1 0-2 E * Data E
g s — — ALPGEN+PYTHIA (o, Up) ] = __ ng’;;?;ﬁmxlz Down) ] F — MadGraph+Pythia ]
B e ALPGEN+PYTHIA (o, Down) 7] B === .- POWHEGHPYTHIA 1 I— MC@NLO+Herwig .
- ——— - 3| 1 H
e o Juaeee | 10 e [uaearw | 10°F — POWHEGHPythia I A
; = (s=7TeV ; C - 5277y ] E ...............
: —_——— : 102 E —— E 15 F |
(0P | antik R=04 — | = anti k, R=0.4 - 1 2 Tk ]
Eml<25 | . E [ |l <25 s S 1 s
EpT>40GeV ; .......... E 10?p > 40 GeV _| 8
L HTjetS I ! ] | | - E uT|+jets | | | _T_- E
S ' ' ' ‘ ‘ ' © ' ' '
© L s
(% 1.5k T = éU 1.5 o * Jets
I S e o e R :
S e E TR | e R WS CMS-PAS-TOP-12-023
0.5f - E i 4 ° .
I - CMS Disfavored:
3 4 5 6 7 =8 3 4 5 6 7 >8
n - ° i
ots Nets MC@NLO + Herwig
-y
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arXiv:1203.5015 g F ) W
e S 0.95) =
ttbar WIth Jet VEtO: ATLAS % 09% Erﬁ._,*m j ATLAS é
G 0.85F ; Ldt=205f"
. = @ - E
e Gap fraction f(x) = n(x)/N N b2t
. = [T' —— MC@NLO ;
— N is the total number of selected ttbar events Of’;;{  Dmnvom, oo
— n(x) is the N (ttbar events with additional jet veto) 065 5
0.55F, =
* X =Q,: no additional jets with p; > Qgin a rapidity g o5
interval (CMS calls the variable p;) S e
* x=Q,,: the scalar sum of the additional jets’ p; EO.%;J_:"“
in the rapidity interval < Q,,(CMS callsthe  Segogso—sts—2— b
variable H;) Qollee]
« Senstive to 2 ———
~ BR/FSR i
— Effects of different shower models ; poRonigs o
— Higher order effects of different generators i T i S
1 o 0.8~ — Powsea+Heawe ]
e Conclusions (ATLAS, lepton + jets channel) : LI _
0.75 --- ALpcen+HerwiG _
— MC@NLO underestimates the data in the central o AR ek A e A
region |y| < 0.8 s ]
. . TR :
— All models describe data in the full |y|<2.1 veto £ — _:
interval, but tend to predict too much jet activity 56“‘i6<‘>“1‘é6“é66"ééé“ééé“éég"zi;‘)g‘;]
x April 4, 2013 Snowmass Energy Frontier Workshop (BNL) 19 ?{ag




CMS-PAS-TOP-12-023 CMS Preliminary. 5.0 fb at\'s=7 Tev

. . § 1 Dilepion Combined

ttbar with Jet Veto: CMS :... :

. . 0.9F E

e Conclusions (CMS, dilepton channel) 8 ook - :

— MC@NLO gives the best prediction oo .,’Jf o Ssatarer

— Increasing Q’ scale in MadGraph ot ff T Vadcrph G

improves the data/MC agreement o:z;j T adSrapn matening o

* Overall comment L
— Already dominated by systematics both § o

for ATLAS and CMS 50 100 150 200 250 300 3?1?[(56?/?0

CMS Preliminary, 5.0 fb' at\'s=7 TeV

— With more data can go into more details £ T
z T | T | T T | TTT | T T | T | I | 1T | T '-og 1; Dllepton Comblned -
£0.05— _ 8 0.95 -
50.05 ATLAS B0 ;
@ 5 S 0.9F 3
& M JLdt:Z.OSfb1 § - g
= Ll veto region: |y| < 2.1 0'855_ _é
g 0'85— E
= T eeainle Py ] 0.75F 3
8 oL s B T e e E o [] Syst+Stat error
o B - S e SRR e o7ER —— MadGraph+Pythia :
0 = il 0.6557' —— POWHEG+Pythia _E
-e --- Unfolding 1 ===+ MC@NLO+Herwig g
. Stat. uncert. — Pileup/ JVF 06 l l , l Lo g
- — Total systematic  -.-.- b-Tagging i % 1.05F
.0.05— —JES /JER Backgrounds _| % L e ————— =
- L1 I L 11 I L1 1 | il ] I 11 I L1 I [ I L 11 I |11 é 0-95 50 100 150 200 250 300 350 400
20 40 60 80 100 120 140 160 180 200 Hy [GeV]
. Qo [GeV] >
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CMS-PAS TOP 12-024

bar+jets HF Composition: CMS

;}W<< e

e Motivation:

— ttbar+Higgs is important channel for 102
measurement of top quark to Higgs boson
coupling

— Irreducible background from ttbar in association
with bbbar as predicted by higher order QCD

— Measure cross section ratio for uncertainties to
cancel, e.g. luminosity, jet and lepton efficiencies

 Method:
— Fit to the b-tagged jet multiplicity distribution
* Dominant Systematic Uncertainties:
— b-tag scale factor (18%), Q2 scale (6%), MC (3%)

O'(tfbl_?) /O'(tf]]) — 3.6 = 1.1(stat.) + 0. 9(SyS )0/0

< '\. '. 4 ' '
S April 4,2013 Snowmass Energy Frontier Workshop (BNL) 21 @
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50fb atys=7TeV I Single top
@ tt others
B ti+LF
B tt+cc
M ti+bb

10

0 1 2 3 =24

b-Jet multiplicity(CSVM)




Top quark + jets: Outlook

* More statistics / more energy

— Detailed understanding of top pair production with jets
* Reduce systematics — report ratios of multiplicites
* Finer binning (as stat.uncertainty is not an issue)

— Feedback to theory community
— Better precision SM predictions for beyond-the-SM searches

* For rare processes (ttbar + Heavy Flavor)
— More statistics will help
— Can measure ccbar and bbbar separately

— Expect input from theory community
* NLO calculation is challenging...



LHC / ATLAS

Width = 44 m, Diam

= — T
- — : = -

Large Ha ARon Collider

= p-p collider

= Center of mass energy
svVs=7TeV@2010-11
=vVs=8TeV@ 2012
»vVs=13-14TeV @ 2014+

= Multi-purpose experiments:

ATLAS and CMS

Tracking Electromagnetic Hadron Muen
charmber valorimeter  calorimeter chamber

T ——

photons .
— ;
Tile calorimeters

+
5 LAr hadronic end-cap ar

forward calorimeters
Pixel detector \

Toroid magnets LAr eleciromagnetic calorimeters
Muon chambers Solenoid magnet | Transition radiation fracker

Semiconductor tracker
Subdetectors and identified objects:
» Trackers:electrons, muons, jets, taus, photons
= Calorimeters: electrons, muons, jets, taus, photons

= Muon Detectors: muons
nowmass Energy Frontier Workshop (BNL) 23
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Introduction W 1tiets
t /t [] e+jets
$o 7 o= 165t ph m-

sop— 0 Approx.NNLO, m,,,
ow—1 HATHOR, Comput. Phys. Commun., 182 (2011) 103

=172.5 GeV, 7 TeV pp collisions [ n+p
4 ] Hadronic

* Top pair production at the LHC
through gg (80%) and qq (20%)
* Top pair decay modes
* The more jets, the more challenging

the systematics get (Jet energy scale,
ISR/FSR etc)

Detector Reconstruction

Physics Interpretation

View

%éu

L <A et 1
S April 4,2013 Snowmass Energy Frontier Worksh¥g (BNL)




ATLAS-CONF-2012-155

Jet Multiplicity in Top Pair Events: Unfolded
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